Adsorption of bacteriophage SP50 to walls and heat-killed cells of Bacillus subtilis 168 appeared to be irreversible at both 37 and 0 "C. Few, if any, active phage were desorbed when phage-wall complexes, formed at either temperature, were suspended in fresh medium. Bacteria rich in wall teichoic acid (TA) bound phage rapidly at both 0 and 37 "C, binding at the higher temperature being approximately twice as fast. Bacteria containing diminished proportions of TA showed less rapid phage adsorption but the reduction in rate was greater at 37 than at 0 "C and bacteria containing only small proportions of TA bound phage more rapidly at 0 "C than they did at 37 "C. These findings show that at low phage receptor density the temperature affects some component(s) involved in the phage-bacterium interaction such that the collision efficiency is increased at the lower temperature. The possible effect of temperature on the organization of bacterial surface components is discussed.
I N T R O D U C T I O N
Teichoic acids (TAs) are integral components of the cell wall in many Gram-positive bacteria. They are important determinants of both specific surface properties such as antigenicity, and non-specific surface properties such as charge, polarity and hydrophobicity (Archibald, 1988) . The arrangement of TAs and the other component polymers within the wall and at the surface is affected by its ionic environment. The latter can modify the structural properties of the wall (Ou & Marquis, 1970) , the nature of the groups at the surface (James & Brewer, 1968) and the conformation of wall polymers (Doyle et al., 1974) as well as specific surface properties such as the ability to bind phages.
Quantitative studies on the relation between TA content and surface properties have been made possible by the finding that when grown under conditions of controlled phosphate supply various bacilli replace all (Ellwood & Tempest, 1969) or part (Anderson et al., 1978 a) of the wall TA by an alternative anionic polymer, teichuronic acid (TU). We have examined the effect of varied wall composition in Bacillus subtilis on surface charge (Archibald, 1988) and on the abilities to bind concanavalin A (Lang & Archibald, 1983) and bacteriophages (Givan et al., 1982) . The studies with lectins and phages specific for TA have shown that much less than the maximum content of TA is sufficient to ensure maximum binding of these probes though the relation depends on the particular probe studied and the conditions employed.
We now report further work on phage binding properties of bacteria containing different amounts of TA which shows a new and unexpected effect of temperature on binding. 
METHODS
Bacterial sumples. Bacillus subtilis 168 (trp) was the strain studied by Coley et al. (1 975) and was obtained from these authors. Samples of the bacteria, grown under balanced conditions so as to contain different proportions of TA, were obtained as previously described (Lang er al., 1982) and walls were prepared and treated with hot SDS, as before, to remove autolysins and other non-covalently associated proteins. A sample of strain 168 that had been collected between 2 and 3 h after pulsed release of phosphate limitation was also studied. A sterile solution (10 ml) containing 100 mg NaH2P0,. 2 H 2 0 was added to a 3 litre chemostat culture growing at D = 0.2 h-' in phosphatelimiting medium containing 1 mhl-phosphate as described by Anderson et af. (1978b) . The sample collected between 2 and 3 h contained 42 pmol of glucosylglycerol per gram of wall.
Bacteriophage propagation, assay and binding measurement. Phage SP50 was propagated and assayed as previously described (Archibald & Coapes, 1976) . Phage adsorption efficiency (PAE) values, which are proportional to the rate constant of the binding reaction, were determined essentially as before (Archibald & Coapes, 1976) . Lyophilized bacterial and wall samples were dispersed in NBMG medium that contained 2.5% (w/v) Oxoid nutrient broth and 0.01 hl-MgCl,. Bacterial suspensions were taken quickly to 100 "C for 10 min to inactivate autolysins, and both bacterial and wall suspensions were dispersed by sonication for 20 s at low power in an MSE ultrasonic homogenizer, and incubated with phage SP50 (2 x los p.f.u. ml-l) for 1 h at 0 or at 37 "C. Portions (0.1 ml) were withdrawn into NBMG medium (10 ml), mixed, left for 20 min at room temperature (22 "C) to allow desorption of any reversibly attached phage, and then assayed in duplicate. Where indicated bound phages were removed from incubation mixtures by filtration through Millipore filters (0.45 p~) or by centrifugation at 8500g for 10 min.
RESULTS

Eflect of incubation temperature on phage-binding properties of bacteria and isolated walls
containing varied amounts of TA The sample of strain 168 grown in medium that contained 3-0mM-phosphate had the maximum content of TA, i.e. 1120 pmol glucosylglycerol per gram (dry weight) of cell wall . Phage-binding measurements were done at 37 "C in suspensions that containing 0, 2.6, 5.2 and 10.4pg of bacteria ml-l. Bacterial concentration plotted (Fig. la) against the logarithm of the concentration of unbound phage gave a straight line (r = 0.997) and a PAE of 280 ml mg-l h-l. Suspensions containing 0, 5.2, 10.4 and 20.8 pg of bacteria ml-l incubated with phage at 0°C gave a straight line (r = 0.999) of smaller slope with a PAE of 150 ml mg-l h-'. (Fig. 1 a) . Since PAE values are directly proportional to the rate constant of the binding reaction, it follows that binding at 0 "C proceeds at nearly half the rate observed at 37 "C. This difference in rate is similar to that found previously with B. subtilis W23 (Archibald & Coapes, 1976) and other phage-bacterium systems (Tolmach, 1957) . However, samples of B. subtilis 168 that contained only small proportions of TA showed a striking difference in their ability to bind phage at different temperatures, and bacteria that contained less than half the maximum content of TA bound phage more rapidly at 0 than at 37 "C. Fig. 1 (b) shows the effect of incubation temperature on binding of phage to cell samples that had been obtained by growth in medium containing 0.85 mM-phosphate. These bacteria contained 484 pmol glucosylglycerol per gram of wall, i.e. 43% of the maximum content of TA. At 0 "C the rate of phage binding (PAE = 140mlmg-l h-l) was closely similar to that of the bacteria grown in 3.0mM-phosphate. However, whereas the latter sample bound phage more rapidly at 37 "C, the reverse was true with bacteria grown in 0.85 mM-phosphate, which had a PAE value of only 57 ml mg-l h-' at 37 "C. Semi-logarithmic plots ( Fig. 1 b) gave straight lines at 0 "C (r = 0.996) and at 37 "C (r = 0.997) revealing first-order kinetics at both temperatures.
The effect of incubation temperature on phage binding is related to TA content ( Fig. 2 ). At 37 "C, PAE values fell off fairly regularly with decreasing content of TA but at 0 "C the PAE values remained nearly constant in bacteria containing down to 43% of their maximum content of TA. As shown in Fig. 2 , bacteria that contained small proportions of TA had greater PAE values at 0 than at 37 "C. Thus, bacteria grown in 0.85 mM and in 0.65 mM-phosphate bound phage 2.4 and 5.2 times more quickly at the lower temperature (PAE values of 139 and 57 ml mg-l h-l, and 52 and 10 ml mg-l h-l, respectively, for the two samples at 0 and at 37 "C). This phenomenon was also shown with cell walls for which the effect of temperature was even more marked, particularly in the case of walls with very small proportions of TA. Thus walls of bacteria grown in 0.85 mM-phosphate bound phage more than five times as quickly at 0 as at 37°C (PAE values of 650 mlmg-l h-l at 0°C and 120mlmg-l h-' at 37 "C), and walls of bacteria grown in 0.65 mM-phosphate bound phage more than 150 times as quickly at 0 as at 37 "C (PAE values of 150 ml mg-l h-l and < 1 ml mg-l h-l at 0 and 37 "C, respectively).
Eject of incubation temperature on the phage-binding properties of phosphate-pulsed bacteria and walls Bacteria that contained small amounts of TA incorporated during pulsed release of phosphate limitation also bound phage more rapidly at 0 than at 37 "C. PAE values obtained for a sample of B . subtilis 168 collected 2 to 3 h after pulsed release of phosphate limitation were 8 and 35 ml mg-l h-' at 37 and 0 "C, respectively. The effect of temperature was again more marked with walls and a steady decrease in phage binding by the pulsed wall sample was seen (Fig. 3) as the incubation temperature was increased : at 0 "C 85 % of the added phage were bound whereas no binding was detected at 37°C.
Reversibility of phage binding
A possible explanation of the effect of temperature on the measured phage-binding rates was that the difference was not due to a more rapid binding at the lower temperature but to a more rapid desorption of phage bound at 37 "C so that the measurements made here at 0 "C would include reversible as well as any irreversible binding whereas only the latter would be measured at 37 "C. To check this, assays were repeated but with a procedural difference, i.e. bound phage loo r subtilis. Walls (27 pg ml-I) were incubated with phage SP50 (2.7 x los p.f.u. ml-I) in NBMG medium at different temperatures for 1 h and unbound phage were assayed. Fig. 4 . Effect of shifts in incubation temperature on the binding of phage to walls of B. subtilis. Walls (50 pg ml-l), isolated from bacteria grown in 0.65 mM-phosphate and containing 145 pmol glycosylglycerol per gram were incubated with phage (2 x lo5 p.f.u. ml-l) in NBMG medium and assayed after incubation for 30 and 60 min at 37 "C (e), at 37 "C followed by transfer to 0 "C (m), and at 0 "C followed by transfer to 37 "C (0). Phage suspensions incubated under these conditions in the absence of walls were stable and gave constant titres. 
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were removed by centrifugation before dilution and assay. This will thus account for both reversibly and irreversibly bound phage. However, the results (not presented) were similar to those obtained by dilution showing that the effect of incubation temperature on the measured rate of phage binding is apparently not due to differences in the rate of desorption.
In further experiments we found that the number of unadsorbed phage did not vary greatly when incubation mixtures of phage with pulsed bacteria were diluted in NBMG media in which the Mg2+ concentration varied between 0.1 and 0.001 M (Table 1) . Also no active phage were recovered when cell-phage complexes formed at either incubation temperature were recovered by filtration and suspended in fresh NBMG medium. The binding measured by both centrifugation and dilution assays is thus effectively irreversible so that the differences, measured as PAE, must reflect those in the rate of attachment. Further support for this was obtained in an experiment (Fig. 4) in which walls from bacteria grown in 0.65 mM-phosphate were incubated with phages at varied temperature. At 37 "C little or no binding took place, though following incubation at that temperature a shift to 0 "C resulted in rapid binding. An incubation set up at 0 "C showed rapid binding: following a shift to 37 "C no phage were desorbed, though little further binding took place. The effect of incubation temperature is therefore an effect on binding and not desorption. Since the collision frequency will be at least as high at 37 as at 0 "C it follows that samples that have PAE values greater at 0 than at 37 "C must bind phage more effectively at the lower temperature.
Kinetics of binding B. subtilis 168 grown in 3.0mM-phosphate had a PAE value of 280 ml mg-I h-l when incubated in NBMG medium with SP50 at 37°C (see above). The rate constant of the pseudofirst-order binding reaction is therefore 194 ml mg-' h-' (i.e. PAE x ln2; Archibald & Coapes, 1976) . This rate constant can be expressed in terms of bacterial number rather than weight. Electron microscopy indicates that B. subtilis growing in the chemostat at D = 0.2 h-l has an average cell size of about 0.5 x 2pm (Anderson et al., 1978b) so that the average cell volume is about 0.39pm3. Assuming that the density and ratio of dry weight to wet weight for the bacteria are similar to those reported for Escherichia coli, i.e. 1.12 g ~m -~ and 27% respectively (Koch & Blumberg, 1976) , then the average dry weight of one bacillus is 0-12 pg. From this, the adsorption rate constant for binding of SP50 to whole bacteria can be expressed as 3.9 x 1O-Io cm3 min-I. This may be compared with the theoretical maximum adsorption rate constant calculated assuming 100% collision efficiency from the relation k,,, = 4nDa, where a is the radius of a sphere of the same surface area as the bacterium and D is the diffusion constant of the phage (Schlessinger, 1933) . From the dimensions given above the radius of a sphere with the same surface area as an average cell of B. subtilis is 0-45pm. The sedimentation constant, morphology and size of phage SP50 are similar to those of phage T4 (Foldes & Trautner, 1964) and so SP50 should have a diffusion constant similar to that of T4, i.e. 1.77 x cm2 min-' (Dubin et al., 1970) . These values provide for SP50 a k,,, of about cm3 min-', which is not significantly different from the experimental value obtained here, i.e. 0-39 x cm3 min-l. Similar differences between experimental and theoretical values have been observed for other phage-bacterium systems (Tolmach, 1957; Schwartz, 1976) .
DISCUSSION
The agreement found here between experimental and theoretical values for the rate of binding of phage SP50 to B. subtilis 168 has been observed with other phage-bacterium systems (see Schwartz, 1976) and shows that most collisions lead to adsorption so that the binding reaction has a high overall efficiency, and remains high even at low temperatures. The rather small reduction in maximum rate of binding at 0 "C as compared to that at 37 "C, as observed here and in earlier work (Archibald & Coapes, 1976) may be ascribed to a reduction in collision frequency resulting from the increased viscosity of the suspending medium at the lower temperature (Tolmach, 1957) .
As measured here binding at 0 "C was irreversible. Schwartz (1976) showed that the rate of dissociation of phage A from its receptor was dependent on the concentration of Mg2+; the binding appeared to be irreversible under some conditions but not others. We did not find conditions under which binding of phage SP50 at 0 "C could be shown to be reversible though the high rate of the reaction suggests that it does not involve covalent change. Thus, this may be another example of the very slowly reversible binding described by Schwartz (1976) . The observation that phages adsorbed to walls during incubation at 0 "C appear to have retained their DNA within the phage heads (Archibald, 1976 ) is consistent with this interpretation.
A high collision efficiency appears to be inconsistent with the specificity of the interaction between phages and host bacteria. To explain this it has been suggested that only some of the charged groups of the receptors are involved in the initial interaction which serves to hold the phage in position until more groups can interact (Puck et a/., 1957) . Another suggestion is that the flexible phage tail or tail fibres can 'sweep' a relatively large area of the bacterial surface in the time the phage is in contact with the surface (Schwartz, 1976) . Berg & Purcell(l977) have shown that following the first collision there is a high probability that the phage will collide repeatedly with the bacterial surface before moving away if none of these collisions leads to adsorption. If the receptor density is high enough the phage will always 'find' a receptor. If the affinity is also high every collision will be effective, and the greater the affinity the lower the density needed to ensure maximum adsorption efficiency.
The relationship found here between receptor density (i.e. TA content) in B. subtilis and the rate of phage SP50 binding at 0 "C is similar to that reported for binding of phage il to E. coli containing varied amounts of the receptor, the LamB protein (Schwartz, 1976) . Binding rate increases with receptor density up to a limit but further increases in receptor density have no perceptible effect on binding rate which is close to the theoretical maximum, even with bacteria that contain considerably less than the maximum receptor density.
The finding that bacteria that contain only small amounts of TA bind phage more slowly at 37 than at 0 "C shows that the higher temperature reduces either the receptor density or the affinity between phage SP50 and its receptor so that at 37 "C the higher collision frequency will be outweighed by reduced collision efficiency. The binding rate at both temperatures increases with increasing receptor (TA) density but reaches its maximum at 0°C with bacteria that contain less TA than needed to give the maximum binding at 37 "C (Fig. 2) . Indeed, at 0 "C the maximum binding is shown by bacteria that contain only 43% of the maximum content of TA but at 37 "C the rate of binding increases with further increases in TA. Eventually, the rate at 37°C exceeds that at 0°C and the maximum rate is reached with bacteria containing the maximum amount of TA.
The structural basis of the effect of incubation temperature on the receptor density or phagereceptor affinity is not known. It could involve either a temperature-dependent change in conformation of phage adsorption proteins, altering their affinity for the receptor, or a change in the bacterial surface, affecting the organization of the TA and influencing the effective concentration of the receptor or its affinity for phage. Alteration of phage adsorption proteins does not explain why binding to isolated walls is more markedly affected by temperature than is binding to whole bacteria. This could, however, be explained on the basis of a lowered structural integrity of wall material in isolated walls as compared to whole bacteria. Removal of noncovalently associated components by extraction with the hot SDS solution used in the wall isolation procedure could affect the packing of residual wall components and make them more susceptible to temperature-induced changes. Since the activity of the receptor material depends on its organization in particulate wall material (see Archibald, 1980) this could readily explain the greater effect of temperature on phage binding to isolated walls.
While no such observations have been made on TA, other acidic polysaccharides are known to undergo conformational changes with temperature (Rees, 1972) . Factors other than temperature are known to affect the conformation of TA (Doyle et al., 1974) and the organization of wall polymers (Archibald, 1988) , and it is possible that both temperature and ionic environment interact to determine surface structure.
